We have studied the epitaxial growth of bismuth overlayers on Si(111) surfaces by in situ reflection high-energy electron diffraction (RHEED) and scanning tunneling microscopy (STM). Lateral growth of texture two-dimensional (2D) nanocrystals takes place after the formation of an initial disordered wetting layer on the 7×7 DAS structure. After the coalescence of the texture 2D nanocrystals, alignment in their azimuthal orientation takes place. At slightly more than 15 monolayers, the growth front of the overlayer exhibits a perfectly long-range ordered Bi(0001)-1 × 1 surface. The films prepared on Si (111)
Introduction
The fabrication of thin metallic overlayers on insulating or semiconducting substrate is of great technical as well as fundamental interest. The ultimate goal is to obtain ultrathin single-crystal films, only a few nanometers thick and with atomically flat surfaces, where we can explore twodimensional behavior in ultrathin medium as well as at the overlayer surfaces. Nonreactive metals on silicon substrate are fascinating candidates for these studies, since silicon is the most important material for modern microelectronic devices and silicon can be made to be nearly insulating at low temperatures. Some molecular beam epitaxy (MBE) fabricated metal films on silicon usually exhibit 2D-like growth up to a few monolayer (ML) thickness. However, at a higher coverage regime, roughness of the growth front increases significantly and multilayer (3D) growth takes place for most systems. [1] [2] [3] One possible scheme to avoid this is, for example, to introduce some artificial imperfections at the growth front to modify the kinetics of the epitaxial growth. 5, 6) In the present paper we report on the growth of a bismuth overlayer on Si(111)-7 × 7 at room temperature (RT). We chose Bi since it is immiscible with the Si substrate, and its semimetallic electronic structure and covalentlike bonds might show growth different from the case with typical metals such as alkali or noble metals. We clarified that this system shows almost perfect 2D growth (step-flow growth) after forming initial transition layers without introducing any artificial modification at the growth front. We observed a long-range ordered flat surface as well as well-oriented step edges up to around 100 ML. Comparison with deposition onto Si(111)-α-√ 3× √ 3-Bi, and Si(111)-β-√ 3× √ 3-Bi suggests that the initial disordered wetting layer on the 7 × 7 dimer-adatom-stacking-fault (DAS) structure is responsible for accommodating the large lattice mismatch between Si and Bi and suppressing the 3D agglomeration of Bi adatoms.
Experiment
Experiments were carried out in a RHEED-STM chamber where in situ RHEED and STM observations were possible Beginning around 2 ML, diffuse texture streaks with preferential azimuthal orientation are observed ( Fig. 1(d) ). The outer streaks (indicated by (O)) correspond to a texture pattern from rotationally disordered hexagonal 2D clusters with an atomic distance of 0.45 nm if we assume that this pattern is composed of (11)-type spots. The inner streaks (indicated by (I)) correspond to a 2D atomic distance of 0.38 nm if this is composed of (01)-type spots from 2D clusters. The atomic distance of 0.45 nm is in good agreement with the lattice constant of 0.454 nm in the Bi(0001) plane of bulk bismuth. The value of 0.38 nm is very close to the lattice constant of Si(111)-1×1 (0.384 nm) as well as the nearest-neighbor (1NN) distance of Bi atoms (0.37 nm). Faint intensity modulation along the streaks is seen, which indicates the transmitted nature of the diffracted electron beams and points to a rough growth front of the overlayer. These streaks become sharper and the intensity modulation becomes weaker, indicating the decrease in roughness at the surface at higher coverages ( Fig. 1(e) ). Also, the inner streaks (I) become weaker as a function of coverage. With further deposition, the texture pattern evolves to a sharp at the same sample position during MBE. The base pressure was lower than 6 × 10 −11 Torr and lower than 3 × 10 −10 Torr during deposition. Si(111)-7 × 7 substrates were prepared by in situ dc heating treatment of wafers with 10 ·cm n-type doping. Si(111)-α-
-Bi substrates were prepared by heating the sample at 620-670 K and 820-870 K after 1 ML deposition of Bi at RT, respectively. Bi was evaporated from hot tungsten filament made of tungsten wire with 0.5 mm diameter. The coverage precision was estimated to be about ±0.1 ML judging from the Rutherford backscattering measurements performed separately after transporting the sample in air to Nagoya University. 7) In this paper, one ML is defined as 7.84 × 10 14 atom/cm 2 . Figure 1 shows a series of RHEED patterns taken in a sequence of Bi deposition at RT with a deposition rate of 0.14 ML/min. The increase in the background indicates random adatom adsorption onto the 7 × 7 surface ( Fig. 1(b) ). The 7 × 7 superspots completely disappear at around 2 ML, but the substrate Kikuchi pattern and the 1 × 1 pattern are seen up to around 3 ML in very high background ( Fig. 1(c) ).
Results and Discussion
1 × 1 pattern, as shown in Fig. 1(f) . The sharp spots correspond to diffraction from long-range ordered Bi(0001) planes with a lattice constant of 0.45 nm. The appearance of the 1st Laue ring points to a good long-range order in the surface layer and that of the Kikuchi pattern is also an indication of good long-range order in subsurface portion of the film. The sharpness of the pattern increases as a function of film thickness up to around 15 ML, and we observed identical patterns beyond 100 ML.
Next, we show the results from STM observation taken in the sequence of Bi deposition onto the Si(111)-7 × 7 surface with deposition rates of 2-3 ML/min. The effect of the difference in the deposition rate from the case shown in Fig. 1 is expected to be small since our preliminary RHEED intensity oscillation measurements revealed a weak deposition rate dependence. This suggests that the film growth is less governed by the kinetics. Figures 2(a) and 2(a ) correspond to the surface with 0.5 ML deposition of Bi. Together with the vague substrate 7 × 7 feature, bright protrusions, which are regarded as irregular Bi agglomerates, are seen mostly located inside the halves of the 7 × 7 unit cells. A closer look at the surface reveals that both faulted or unfaulted halves are occupied by these protrusions. Most of the adatoms of the substrate DAS structure are blurred by adsorbed Bi atoms in the halves of the 7 × 7 unit cells; however, most dimers and corner holes are not blurred. This suggests that Bi adatom diffusion is strongly limited to within half of a unit cell, which can be explained by a diffusion barrier at the dimers, or by the strong binding of Bi atoms to Si adatoms in the DAS structure.
8-10) Figure 2 (b) corresponds to the picture taken after 1.5 ML Bi deposition.
The substrate 7 × 7 feature is not seen but the size and separation of fine clusters are approximately the same as those of the 7 × 7 substrate. This suggests that these fine clusters are nucleated and grown from the finer irregular clusters seen in Figs. 1(a), and 1(a ) . This layer uniformly wets the underlying 7 × 7 structure and acts as a buffer layer for subsequent growth. Also, some large clusters with diameters of several nm are seen. These large clusters would be the precursors of structures (I) and (O) seen in RHEED from around 2 ML and have an inner structure analogous to bulk Bi. The large clusters grow in the lateral direction, as seen in Fig. 2(c) . Some clusters have smaller height and rough surfaces (indicated by A) and the others have larger height and flat surfaces (indicated by B). We tentatively assign the former as 2D amorphous clusters loosely bound on the initial wetting layer with a short-range order of 0.38 nm (the 1NN bond length of Bi atom), which corresponds to (I) in Fig. 1(d) . We assign the latter as 2D Bi nanocrystals with inner structures analogous to that of bulk Bi crystal and its (0001) axes perpendicular to the surface but with rotational disorder around these axes. These nanocrystals correspond to streaks (O) in Fig. 1(d) . Lateral growth and the subsequent coalescence of the latter 2D nanocrystals are evident in Fig. 2(d) . Most of the crystals have the same height, which indicates that some electronic or chemical nature determines their nanomorphology. 11, 12) This may be attributed to the quantum size effect due to electronic standing wave formation perpendicular to the film or to the local semicovalent nature of the Bi-Bi bonds. Since the Fermi wavelength of bulk Bi is of the order of a few tens of nanometers, the former mechanism will be operative provided that layer spacing and electronic structure in the Bi overlayer are somewhat modified from that of bulk Bi. The latter scenario is also plausible since bulk Bi is composed of coupled layers that stack in the (0001) direction, and provided that this strongly anisotropic structure is also exist in overlayers, this would lead to the lateral growth that we have observed. Around 10 ML, the 2D nanocrystals coalesce and their azimuthal orientation becomes ordered around their (0001) axis. This enhancement in rotational order is possibly motivated by the misorientation of the silicon (111) surface-in our case, miscut direction close to the [112] direction.
The final situation reached after the above-mentioned growth process can be seen in Fig. 2(e) . A surface with large atomically flat terraces and steps preferentially oriented in [110] directions is seen. This feature is quite unusual since the step density is quite low in contrast to the case with multiple (nearly 3D) growth mostly observed in the homoepitaxy of most metals. Judging from the observed beautiful stepflow type morphology, a high adatom diffusion rate or a high sticking probability of the adatoms at upper edges of the terraces has to exist. A small amount of stepped-down depression (holes) and secondary 2D islands on terraces or on top of other 2D islands strongly indicates a high interlayer-exchange rate at step edges, particularly for the step-down diffusion.
As expected from RHEED ( Fig. 1(f) ), a perfect hexagonal lattice with a lattice constant of 0.45 nm was observed, as shown in Fig. 2 (e ). It should be noted that almost all of the steps have a singular height of 0.4 nm which will correspond to a double-atomic-layer height of the overlayer, but does not perfectly matches to that expected from the bulk geometry. This double-atomic-layer height indicates that the structure of the overlayer is also composed of coupled layers as discussed above for bulk Bi and would be responsible for the observed strong 2D nature of growth. If this discussion holds true, the epitaxial growth of Bi would be markedly different from the metal case where a single-layer step height is usual. In order to test the validity of the above discussions, we should also evaluate the influence of kinetic effects in film growth. Further experiments with different deposition rates and different substrate miscut angles are currently in progress. The above discussions for the Si(111)-7 × 7 substrate are not applicable for different substrate surfaces such as Si(111)-α-√ 3 × √ 3-Bi and Si(111)-β-√ 3 × √ 3-Bi. [13] [14] [15] Both substrates yield similar streaky RHEED patterns with texturelike and transmissionlike nature, which last around several tens of monolayers. In fact, as shown in Fig. 2(f) , for the case of Si(111)-β-√ 3 × √ 3-Bi, the film is composed of a high density of grains and valley areas about 3 nm deep. Thus, the √ 3 × √ 3-Bi superstructures fail to anchor the Bi adatoms to grow in a 2D fashion, as shown in Fig. 2(d) , and very high 3D-like texture Bi(0001) nanocrystals grow from the beginning.
Conclusions
Bi on Si(111)-7 × 7 surface exhibits perfect 2D growth (step-flow growth) after the lateral growth of 2D nanocrystals which already have atomic structures analogous to those of bulk Bi crystal. Almost all of the steps at the growth front have a singular height of 0.4 nm. We believe that this is an indication of the electronic-growth (with modified layer spacing from bulk structure) as well as an indication of coupled-layer structure by semicovalent Bi-Bi bonds as in bulk Bi. In contrast to the case of thermodynamically stable Bi layers incorporated into Si(111)-α-√ 3 × √ 3-Bi and Si(111)-β-√ 3 × √ 3-Bi surface phases, the randomly adsorbed first few monolayers of Bi on the 7 × 7 DAS structure play a key role for the following 2D growth: They successfully anchor the subsequent 2D nanocrystals to grow in the lateral direction and suppress the 3D agglomeration. Further studies are currently in progress to clarify the atomistic picture of the phenomena in greater detail.
